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a b s t r a c t

In this study, experiments were conducted to examine the effect of using a mixture of diesel and n-
pentanol, which is one of the second-generation biofuels with comparable properties to diesel fuel, as
fuel on the combustion, performance, and gaseous and particulate emissions of a naturally-aspirated,
four-cylinder, direct-injection diesel engine. Three n-pentanol fractions in the fuel mixture were
selected: 10, 20 and 30% by volume. Results show that, the addition of n-pentanol leads to longer ignition
delay and increases the peak heat release rate in the premixed combustion phase. The brake specific fuel
consumption increases with increase of n-pentanol, while the brake thermal efficiency is not affected.
Regarding the gaseous emissions, n-pentanol addition results in the following consequence: (a) HC
(hydrocarbon) and CO (carbon monoxide) emissions increase for 30% n-pentanol in the blended fuel at
low engine load but decrease at high engine load; (b) a slight increase (maximum 8%) in NOx emissions
but noticeable increase in NO2 emissions. Regarding the particulate emissions, n-pentanol is found to be
very promising in terms of reducing both the mass concentration and the particulate number concen-
tration simultaneously.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The increasing use of internal combustion engines has led to the
problems of depletion of fossil fuel and increasing stringent regu-
lations on particulate emissions. Different approaches to relief
these problems on diesel engines have been explored, including the
use of alternative fuels. Oxygenate biofuels, such as bio-alcohols,
can be produced from a variety of non-food biomass, such as for-
est wood feedbacks, agricultural residual andmarine algae through
the biochemical conversion process [1,2]. Additionally, oxygenated
additives have been shown to reduce the particulate emission [3e
5]. Thus bio-alcohols have the potential to be a substitution for the
traditional diesel fuel. Among the bio-alcohols, ethanol has been
widely studied as additives on both spark-ignition engines [6e9]
and compression-ignition engines [10e17]. The results showed
that the particulate emission is decreased for the ethanolediesel
blends. However, when ethanol is added into diesel fuel, several
critical issues arise. Specifically, ethanol has poor miscibility with
diesel fuel and it possesses a 40% lower volumetric energy density
þ852 2365 4703.
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than that of diesel fuel. Also, the cetane number of ethanol is much
lower than that of diesel fuel, as can be seen from Table 1, thus,
cetane number improver may be required [18]. Furthermore,
because of its lower flashpoint, boiling point and viscosity, ethanol
causes problems of safe storage and lubricity of fuel supply system
[18,19]. Thus recently, investigations on higher chain alcohols, such
as butanols (C4 alcohols), have received much interest. Butanols
canmix well with diesel fuel [20,21], and it’s energy density, cetane
number, viscosity, flashpoint and boiling point are all higher
compared with those of ethanol. Thus a lot of work has recently
been conducted on investigating the fundamental combustion and
kinetic models of butanols [22e25]. Engine tests have also been
extensively conducted on using butanols as neat fuels or as fuel
additives [21,26e31].

n-Pentanol is a 5-carbon structure straight-chain alcohol with
even higher energy density and cetane number comparing with
butanol. The properties of n-pentanol are presented also in Table 1.
It is seen that its physical properties are similar to those of diesel
fuel, such that, it is likely to be a more attractive additive to diesel
fuel, among all the alcohols [27]. Recently, mass production of n-
pentanol has been investigated. For instance, biosynthesis of pen-
tanol from glucose or glycerol is achieved by employing the
metabolic engineering of novel biocatalysts [32e34]. To gain
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Table 1
Properties of diesel, n-pentanol, n-butanol and ethanol [41,42,56,57].

Fuel properties Diesel n-Pentanol n-Butanol Ethanol

Cetane number 52 20 17 8
Lower heating value [MJ kg�1] 42.5 34.65 33.09 26.83
Density at 20 �C [kg m�3] 827 814 810 788
Viscosity at 40 �C [mm2 s�1] 2.86 2.88 2.22 1.13
Vaporization latent heat [kJ kg�1] 250e290 308 585 918
Flashpoint [�C] 71 49 35 14
Boiling point [�C] 210e235 138 117 79
C/H mass ratio 6.46 4.96 4.77 3.97
Oxygen content [wt.%] 0 18.1 21.6 34.7
Sulfur content [mg kg�1] <10 0 0 0

Table 2
Engine specifications.

Engine model ISUZU 4HF1

Type In-line 4-cylider
Maximum power 88 kW@3200 rpm
Maximum torque 285 Nm@1800 rpm
Bore/stroke 112 mm/110 mm
Displacement 4334 cm3

Compression ratio 19.0:1
Fuel injection timing 8� BTDC
Injection pump type Bosch in-line type
Injection nozzle Hole type (with 5 orifices)
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deeper insight into the fundamental combustion of pentanol iso-
mers, especially regarding the chemical kinetic aspect, several
experimental and modeling works had been conducted recently
[35e40]. Significantly less work, however, has been conducted by
using pentanol as a neat fuel or a fuel additive on internal com-
bustion engines. Gautam et al. [41,42] studied the emission and
combustion characteristics of higher alcohols blended with gaso-
line on a spark-ignition engine, and their results showed that
addition of higher alcohols reduced the brake specific emissions,
because of the increased knock resistance. Campos-Fernández et al.
[27,43] investigated the performance of a diesel engine fueled with
n-butanol/diesel and n-pentanol/diesel blends. The results showed
that, without modification of the engine, up to 25% n-pentanol
addition to diesel fuel yielded no adverse effect on the engine
combustion. However, they did not collect the emission data when
the engine was fueled with n-pentanol/diesel blends. Engine tests
using n-pentanol/rapeseed oil blends were carried out by Yoshi-
moto and Onodera [44] on a diesel engine and they showed that the
addition of n-pentanol reduced the viscosity of the blended fuel
and might reduce the smoke emission, without any influences on
combustion.

The above review shows that there is lack of investigation on the
application of n-pentanol to diesel engines, especially on its influ-
ence on particulate emissions. The objective of the present work is
to examine the potential of n-pentanol as an additive to diesel fuel.
Specifically, with up to 30% by volume of n-pentanol in the blended
fuel, the engine combustion and performance characteristics, the
gaseous emissions such as the unburned hydrocarbons, CO (carbon
monoxide), NOx and NO2 emissions, and the particulate emissions
in terms of the mass and number concentrations are investigated.

2. Experimental setup and approaches

In this work, a naturally-aspirated, four-cylinder, direct-
injection diesel engine, which is commonly used in Hong Kong
and Chinese mainland, was employed in the experiment. The en-
gine is coupled with an eddy-current dynamometer for measuring
and adjusting engine speed and torque with the help of an Ono
Sokki heavy-duty diesel engine test system. The specifications of
the engine are available in Table 2.

The diesel fuel used in this study has sulfur content lower than
10 mg$kg�1 and was purchased from Esso Hong Kong. Besides neat
diesel fuel, three n-pentanol/diesel blends were prepared at the
mixing ratio of 10/90 (DP10), 20/80 (DP20) and 30/70 (DP30) by
volume with high purity n-pentanol (purity > 99%). No solvent or
cetane improver was added. An oil tank and an electronic balance
with accuracy of 0.05% were employed to measure the fuel
consumption.

The schematic of the experimental system is shown in Fig. 1. In
this work, gaseous and particulate emissions were both investi-
gated. The in-cylinder pressure was sampled by a Kistler pressure
transducer (type 5011B), coupled with a crank-angle encoder (type
CA-RIE-720, DEWETRON) with a resolution of 0.5 crankshaft angle.
The pressure data were then analyzed by a combustion analyzer
(DEWETRON, DEWE-ORION-0816-100x) to obtain the heat release
rate. In order to reduce the influenceof cycle-by-cycle variation, data
of 400 cycles were averaged to obtain the in-cylinder pressure. The
gaseous emissions in the engine exhaust were measured on a
continuous basis. The total unburned hydrocarbon (HC), nitrogen
oxides (NOx) and carbon monoxide (CO) were measured with a
heated flame ionization detector (HFID), a heated chemilumines-
cent analyzer (HCLA) and a non-dispersive infra-red analyzer
(NDIR), respectively. The gas analyzers were calibrated with stan-
dard gases and zero gas before each experiment.

A tapered element oscillating microbalance (TEOM, Series 1105,
Rupprecht & Patashnick Co., Inc.) and a scanning mobility particle
sizer (SMPS, Model 3071a, TSI, Inc.) were employed for the mea-
surement of particle mass concentration and size-number distri-
bution, respectively, coupled with the Dekati diluters. Dilution ratio
was determined from CO2 concentrations of background air, raw
exhaust emission and diluted exhaust emission [45]. Tests were
started after the temperatures of the exhaust, the coolingwater and
the lubricating oil have reached their steady states at each loading
condition. Subsequently, the gaseous concentrations and particu-
late mass concentrations were measured for 5 min continuously,
and the average results were presented. Regarding the particle
number-size distribution, in each test, four measurements cycle
were employed and the average result was presented. Table 3
shows the experimental uncertainties and standard errors of the
results. For each test, the steady state tests were repeated at least
twice to ensure that the variations were within the experimental
uncertainties.
3. Results and discussion

Engine tests were performed at five steady loads with brake
mean effective pressures (BMEP) of 0.84, 2.06, 4.15, 6.20 and
7.10 bar and at the maximum torque speed of 1800 rpm. Engine
combustion and performance characteristics, gaseous emissions
including total unburned hydrocarbon, carbon monoxide, nitrogen
oxides and nitrogen dioxide, and particulate emissions were pre-
sented and discussed in this section. Since there is very few re-
ported work on the use of pentanol as alternative fuel on diesel
engine, especially those concerning particulate emissions, expla-
nations for methanol, ethanol or butanol blended with diesel fuel
are employed to interpret the results obtained in this work.
3.1. Combustion characteristics

The in-cylinder pressure profiles for each fuel at low, medium
and high engine loads corresponding to BMEPs of 2.06, 4.15 and
6.20 bar, respectively, are shown in Fig. 2. In general, it is seen that



Fig. 1. Schematic of the experimental system.

Table 4
Fuel consumption and engine performance.

Engine
Load [bar]

Fuel BSFC
[g kW�1 h�1]

BTE [%] fa Exhaust
temperature [�C]

0.84 Diesel 478 17.7 6.61 178
DP10 482 17.9 6.54 175
DP20 491 17.9 6.53 175
DP30 508 17.6 6.47 175

2.06 Diesel 289 29.3 4.40 238
DP10 295 29.3 4.34 235
DP20 299 29.4 4.36 235
DP30 308 29.1 4.34 234
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the peak in-cylinder pressure increases with increasing engine
load. Moreover, at each engine load, the pressure profiles of the
blended fuels are similar with that of neat diesel fuel, however, the
ignition is retarded by the addition of n-pentanol and the ignition
delay increases with the increase of n-pentanol in the blended fuel,
as listed in Table 5. In this paper, the ignition delay was obtained
from the start of fuel injection to the start of combustion, with the
later defined as the zero crossing on the heat release rate curve. This
is due to the reduction of cetane number for the blended fuel as the
cetane number of n-pentanol is lower than that of diesel fuel. At the
low engine load, the peak in-cylinder pressure decreases with
increasing n-pentanol, whereas it increases with increasing n-
pentanol at medium and high engine loads. The slight decrease of
peak in-cylinder pressure at low engine load is not statistically
significant. At the low load, the addition of pentanol increases the
latent heat of evaporation of the fuel and delays the combustion
further into the expansion stroke, both of which may reduce peak
in-cylinder pressure. However, the increase in ignition delay leads
to more fuel being burned in premixed mode, which may lead to
increase in peak in-cylinder pressure. The conflicting factors lead to
insignificant decrease in the peak in-cylinder pressure with in-
crease of pentanol. However at medium and high engine loads, the
higher in-cylinder temperature mayweaken the cooling effect of n-
pentanol, while the increase in ignition delay increases fuel burned
Table 3
Experimental uncertainty and standard errors.

Parameter Uncertainty
(95% confidence level,%)

Parameter Standard error
(%)

HC 8.7 BSFC 1.0
CO 5.2 BTE 1.0
NOx 2.8 PMCa 2.3
NO2 6.4 TPNCb 2.5

GMD 1.6
Gas temperature 1.0

a Particulate mass concentration.
b Total particulate number concentration.
in the premixed mode, leading to the increase in peak in-cylinder
pressure. Also, as shown in Table 5, the crank angle of 50% heat
release, indicated by CA50, basically remains unchanged at the
engine load of 2.06 bar, whereas it decreases as n-pentanol in-
creases in the blended fuel at engine loads of 4.15 and 6.20 bar,
indicating more fuel is burned earlier, leading to the increase in
peak in-cylinder pressure at these two engine loads.

Fig. 3 gives the heat release rate for the different fuels at the low,
medium and high engine loads. Generally, the heat release curves
of the blended fuels are similar with those of neat diesel fuel,
4.15 Diesel 234 36.2 2.62 356
DP10 238 36.2 2.62 355
DP20 242 36.3 2.64 353
DP30 248 36.2 2.61 350

6.20 Diesel 226 37.5 1.78 504
DP10 231 37.4 1.75 500
DP20 236 37.3 1.79 497
DP30 238 37.6 1.80 490

7.10 Diesel 231 36.6 1.50 592
DP10 234 36.9 1.49 587
DP20 238 36.9 1.51 582
DP30 247 36.4 1.50 577



Fig. 2. Variation of in-cylinder pressure profiles with n-pentanol and engine load.

Fig. 3. Variation of heat release rate with n-pentanol and engine load.
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showing a rapid phase of premixed combustion, followed by a
slower phase of diffusion combustion. Moreover, the peak heat
release rate in the period of premixed combustion increases and
the crank angle at which it appears shifts further away from the
top-dead-center. The latter one also indicates that the ignition
delay is longer for the blended fuels as evidenced by the pressure
profiles in Fig. 2. Longer ignition delay for the blended fuel leads to
more fuel being burned in the premixed combustion phase,
resulting in higher heat release rate. Compared with diesel fuel, the
corresponding increases in peak heat release rate at these three
Table 5
Ignition delay and CA50 at various engine loads and fuel blends.

Fuel 2.05 bar 4.15 bar 6.20 bar

Ignition
delay [CA]

CA50
[CA]

Ignition
delay [CA]

CA50
[CA]

Ignition
delay [CA]

CA50
[CA]

Diesel 4.31 11.04 3.75 13.30 2.84 15.88
DP10 4.51 10.95 3.98 13.02 3.04 15.90
DP20 4.89 10.96 4.42 12.65 3.41 15.36
DP30 5.44 11.24 4.97 12.45 3.75 15.21
engine loads are 5.8e16.5, 9.3e26.7 and 11.1e30.5%, for DP10, DP20
and DP30, respectively. With the increase of engine load, the heat
release curves occur closer to the top-dead-center, indicating that
the ignition delay becomes shorter as engine load increases, asso-
ciated with the higher in-cylinder gas temperature. Additionally,
the peak heat release rate increases from low to medium engine
load for all fuels, however, it decreases at high engine load. This is
caused by the reduced fuel being burned in the premixed com-
bustion phase as a result of the shorter ignition delay at higher
engine load.
3.2. Engine performance

Based on the engine load, the engine speed, measured fuel mass
consumption rate and lower heating value of the fuels, the brake
specific fuel consumption (BSFC) and brake thermal efficiency (BTE)
were calculated and illustrated in Table 4. The excess air ratio is also
shown in Table 4. It was calculated based on Ref. [46]. In general, the
BSFC decreases with the increase of engine load, but increases
slightly at 7.10 bar. Li et al. [13] and Cheung et al. [47] reported
similar BSFC trend in ethanol/diesel blends with up to 24% ethanol
in diesel fuel. This may due to the high oil temperature and low
excess air ratio at the engine load of 7.10 bar which deteriorate the
lubrication and combustion, respectively, leading to the increase in
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BSFC. Furthermore, with increasing n-pentanol, the BSFC increases
at all five loads. It is expected that due to the lower energy density
of n-pentanol in comparison with diesel fuel, more fuel is required
to generate a certain power output. It can be observed that the BSFC
at 0.84 bar is remarkably higher than that of other loads. For the
diesel, DP10, DP20 and DP30, at BMEP of 0.84 bar, the BSFCs are
478, 482, 491 and 508 g kW�1 h�1, respectively; while the BSFCs are
226, 231, 236 and 238 g kW�1 h�1, respectively, at 6.20 bar. At low
engine load, the in-cylinder gas temperature is relatively low,
leading to incomplete and low efficiency combustion, resulting in
higher BSFC.

With regard to the BTE, as shown in Table 4, it increases as the
engine load increases from 0.84 to 6.20 bar and decreases slightly
when the engine load increases from 6.20 to 7.10 bar. At each en-
gine load, there is only a small variation in BTE with increasing n-
pentanol, compared with neat diesel fuel. Campos-Fernández et al.
[27] found similar results, showing that statistically there is no
significant difference between diesel and n-pentanol/diesel blends.
The exhaust temperature (shown in Table 4) exhibits a small drop
with n-pentanol in diesel fuel, due to the lower calorific value and a
higher heat of evaporation of n-pentanol. Similar trend was also
observed in other alcohols/diesel blends [47,48].

3.3. Gaseous emissions

The total unburned hydrocarbon (HC) emissions for the
different fuels are given in Fig. 4. For neat diesel fuel, in general, the
HC emissions decrease with increasing engine load. This can be
attributed to the higher in-cylinder gas temperature associated
with higher engine load. With increasing n-pentanol in diesel fuel,
the HC emissions increase except at 7.10 bar. Higher percentage of
n-pentanol in the blended fuel leads to higher HC emissions at a
given engine load, specifically, at the engine load of 0.84 bar, the HC
emissions are respectively 288, 310, 353 and 409 ppm for diesel,
DP10, DP20 and DP30. When the engine load approaches 6.20 bar,
the difference becomes smaller. The HC emissions increased by 15%,
ranging from 212 ppm for diesel to 243 ppm for DP30 at the engine
load of 6.20 bar. In the recent work of Rakopoulos et al. [20] con-
ducted on a heavy-duty direct-injection diesel engine, HC emis-
sions were also found to be higher for n-butanol/diesel blends
comparing with the neat diesel fuel. They suggested that the higher
heat of evaporation and the increasing lean outer flame zone for
ethanolediesel or n-butanolediesel lead to higher HC emissions.
However, this may not be the reason for n-pentanol/diesel. As seen
Fig. 4. Variation of total unburned hydrocarbon emissions with n-pentanol and engine
load.
in Table 1, the heat of evaporation of n-pentanol is only slightly
higher than that of diesel fuel, thus, the heat of vaporization may
only have a slight influence on HC emissions. However, the cetane
number of n-pentanol is smaller than that of diesel, thus it is ex-
pected that n-pentanol/diesel blends have lower cetane number
compared with diesel fuel, which results in a longer ignition delay
for the blended fuel. As a consequence, there will be more time for
the fuel to vaporize, leading to a broader lean outer flame zone,
which results in higher HC emissions with the addition of n-pen-
tanol. He et al. [11] and Corkwell et al. [12] found HC emissions
sharply decreased with cetane number improver additives and
became comparable with that of diesel in ethanol/diesel blends.
However, as the engine load increases to 7.10 bar, diesel fuel emits
higher HC emissions than that of n-pentanol/diesel blends. Similar
results were observed for ethanol/diesel blends, as shown in
Ref. [47], and this can be explained by the fact that the oxygen
content of the blended fuel increases as n-pentanol is added, which
favors the oxidation of unburned hydrocarbon at relatively high in-
cylinder temperature.

Fig. 5 shows the variations of carbon monoxide (CO) emissions,
which are similar with HC emissions. It can be observed that the CO
emissions in general decrease with increasing engine load due to
the increased in-cylinder gas temperature. Besides, CO emissions
exhibit an increasing trend with increasing n-pentanol except at
7.10 bar. Similar increase in CO emissions was reported in the lit-
eratures [10e12,47] for ethanol/diesel blends and attributed to the
higher heat of evaporation of ethanol which reduced the in-
cylinder gas temperature. However, using cetane number
improver, substantial decrease in CO emissions was achieved
[11,12]. Consequently, similar to HC emissions, the lower cetane
number of n-pentanol plays a dominate role in the increase of CO
emissions. Concerning the CO emissions of neat diesel fuel, it ex-
hibits a slight increase from engine load of 6.20e7.10 bar. This may
be attributed to the low excess air ratio at the engine load of
7.10 bar, as shown in Table 4. However, the presence of n-pentanol
provides higher local oxygen concentration which helps in
reducing the CO emissions.

The effect of n-pentanol addition on nitrogen oxides (NOx)
emissions is given in Fig. 6. In general, NOx emissions increases with
the engine load for all n-pentanol/diesel blends as well as for diesel
fuel. It is expected that the in-cylinder gas temperature increases
with the increase of engine load, leading to higher NOx emissions.
Comparing with diesel fuel, NOx emissions of n-pentanol/diesel
blends show no noticeable difference at low engine load. However,
as engine load increasing, slight increase can be observed for n-
Fig. 5. Variation of carbon monoxide emissions with n-pentanol and engine load.



Fig. 6. Variation of nitrogen oxides emissions with n-pentanol and engine load.
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pentanol/diesel blends and higher percentage of n-pentanol leads
to higher NOx emissions at a given engine load. The maximum in-
creases are 8.0, 5.5 and 4.1% at engine loads of 4.15, 6.20 and
7.10 bar, respectively. Can et al. [49] and Kass et al. [10] reported
similar variations in NOx emissions for ethanol/diesel blend. In
diesel engine, several factors are related to the NOx formation
process for alcohols/diesel blends [20,47]. First, alcohols, like
ethanol, butanol and pentanol have lower cetane number than
diesel fuel, which leads to longer ignition delay. Consequently,
more blend fuel is injected into the combustion chamber during the
ignition delay period, resulting in more fuel being burned in the
premixed combustion phase and hence elevating the in-cylinder
gas temperature. Second, the oxygen content contained in n-pen-
tanol might assist NOx formation. Finally, compared with diesel,
alcohols, up to pentanol, own higher latent heat of vaporization and
hence reduce the in-cylinder gas temperature with addition of al-
cohols. These factors counteract each other at low engine load,
while the longer ignition delay associated with increasing n-pen-
tanol leads to higher NOx emissions at high engine load.

NO2 is a toxic gas which may increase the risk of respiratory
symptoms and cause serious environment issues. Thus, it is of in-
terest to examine the variations of NO2 emission when n-pentanol
is added into diesel fuel. Since the nitrogen oxide (NO) and nitrogen
oxides (NOx) were measured in this work, the emissions of NO2, as
shown in Fig. 7, can be directly obtained by subtracting NO from
Fig. 7. Variation of nitrogen dioxides emissions with n-pentanol and engine load.
NOx. In general, NO2 increases with engine load increasing from
0.84 to 2.06 bar and gradually decreases at higher engine loads for
each fuel. Furthermore, with the increase of n-pentanol, the NO2
emission exhibits an increasing trend at each engine load. NO2 can
be produced from NO promptly by the reaction (1)
NO þ HO2 / NO2 þ OH. NO2 can be converted to NO by the re-
action (2) NO2 þ O / NO þ O2 when the in-cylinder gas temper-
ature is high [50]. Because of the lower in-cylinder gas temperature
at low engine load, NO2 produced from reaction (1) is frozen,
leading to higher NO2 concentration. Previous studies [47,51] re-
ported similar finding with methanol/diesel and ethanol/diesel
blends. It has been reported that the reaction (3)
CH2OH þ O2 / CH2O þ HO2 in the oxidation of methanol yields
HO2 free radical, which can assist the conversion of NO to NO2
through reaction (1) [52], thus, this leads to higher NO2 emission
for methanol/diesel blends [51]. Similarly, under high pressure and
low temperature condition, the largest fraction of n-pentanol un-
dergoes H-abstraction reactions at a-carbon site to yield a fuel
radical CH3CH2CH2CH2C

�
HOH, whichmostly reacts with O2 to form

n-pentanal and HO2 radical [40], while HO2 favors the conversion of
NO to NO2, as shown in reaction (R1). Therefore, the same reason
applies to both n-pentanol and methanol for the increase in NO2
emission with increase of alcohol content in the blended fuel.
3.4. Particulate emissions

The variation of particulate mass concentration with n-penta-
nol and engine load is illustrated in Fig. 8. It can be observed that
the particulate mass concentration increases with the increase of
engine load, which is especially significant at high engine load.
This is because that more fuel is required to achieve higher power
output at high engine load and hence more fuel (and hence more
carbon) is available for particulate formation while excess air ratio
decreases leading to less oxygen available for soot oxidation.
Moreover, as engine load increases, ignition delay becomes shorter
and more fuel is injected and hence more fuel is burned during the
period of diffuse combustion, resulting in a rapid increase in
particulate mass concentration. Decrease in particulate mass
concentration is observed with increase of n-pentanol. It is
decreased by 12, 27 and 42% on average of the five engine loads
for DP10, DP20 and DP30, respectively, comparing with neat diesel
fuel. Similar observations were reported for other alcohols/diesel
blends in the literatures [10,12,15,20,51] and the explanations
offered in them can also be applied to n-pentanol/diesel blends.
Fig. 8. Variation of particulate mass concentration with n-pentanol and engine load.



Table 6
Total particle number concentration (TPNC) and geometric mean diameter (GMD) at
various engine loads and fuel blends.

Fuel 2.05 bar 4.15 bar 6.20 bar

TPNC � 107

[#$cm�3]
GMD
[nm]

TPNC � 107

[#$cm�3]
GMD
[nm]

TPNC � 107

[#$cm�3]
GMD
[nm]

Diesel 3.73 58.0 5.76 71.9 7.88 94.2
DP10 2.91 55.2 5.14 68.0 7.43 92.7
DP20 1.87 51.7 4.05 66.1 6.86 89.5
DP30 1.22 47.0 3.29 60.8 6.49 84.1
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First, the oxygen atoms in the n-pentanol molecule can lower the
chance of soot nuclei formation in local fuel rich zone and pro-
mote soot oxidation during diffusion combustion period, resulting
in reduction of particulate emissions. Referring to Table 1, the
carbon to hydrogen mass ratio of n-pentanol is lower than that of
diesel fuel, leading to a decrease in C/H mass ratio with increase of
n-pentanol in the blended fuel and hence less carbon is available
to form particulate [5]. Third, Westbrook et al. [4] found that,
through chemical kinetic modeling, the carbon atom bonded to O
atom cannot make contribution to soot production in the
oxygenate fuels. Thus, there is reduction in particulate mass con-
centration with increase of n-pentanol in the blended fuel. The
Fig. 9. Variation of particle number concentration and size distribution with n-pen-
tanol and engine load.
increased ignition delay for n-pentanol/diesel blends caused by
the lower cetane number of n-pentanol is favorable for air
entrainment and thus premixing, leading to lower particulate
emissions as well. Furthermore, the replacement of some fraction
of highly sooting aromatic and sulfur content in diesel fuel by n-
pentanol also accounts for the particulate concentration reduction.
However, the diesel fuel used in this work contains less than
10 mg kg�1 sulfur, the influence of sulfur content on particulate
reduction should be negligible in this work.

Fig. 9 shows the particle number-size distributions of the fuels
at the BMEPs of 2.06, 4.15 and 6.20 bar, corresponding to low,
medium and high engine load, respectively. Particles with size
ranging from 15 to 700 nm were collected by the SMPS. It can be
observed that most of the collected particles are less than 200 nm
in diameter and the size distribution curves become flatter with
increasing n-pentanol in the fuel, indicating that the number of
particles decreases when n-pentanol is present in the diesel fuel.
This is similar to the reduction in particle number concentrations
with ethanol/diesel blends [15,16], as a results of oxygen con-
tained in n-pentanol which reduces the formation of soot nuclei
in locally fuel rich zone. The total particle number concentration
(TPNC) and geometric mean diameter (GMD) are given in Table 6
for the three engine loads as well. One can observe that the GMD
increases with increasing engine load for each fuel. This is because
when more fuel is injected, the overall air/fuel ratio is reduced, in-
cylinder pressure and temperature are increased, resulting in
enhanced coagulation and agglomeration of particles and
increased particle size [53]. This is consistent with the observation
in Refs. [54,55]. Since fewer soot nuclei are produced with in-
crease of n-pentanol, the probability of coagulation and agglom-
eration of the particles are reduced and hence the GMD is
reduced, as shown in Table 6.

The influence of n-pentanol on the reduction in particle number
concentration is most obvious at the engine load of 2.06 bar, fol-
lowed by 4.15 and 6.20 bar. The corresponding reductions at these
three engine loads are 22e67, 11e43 and 6e18%, respectively for
different percentage of n-pentanol. Similar results were found by
Zhang et al. [55] and they explained that it is a consequence of the
cooling effect during the dilution process. Since the exhaust gas
temperature increases with the increase of engine load and un-
burned hydrocarbon emissions increase with the increase of n-
pentanol, the cooling effect is more obvious at higher engine load
and higher percentage of n-pentanol and hence the percentage
reduction in particle number reduction decreases with increase in
engine load [54,55].

4. Conclusions

The objective of this work is to investigate experimentally the
effects of n-pentanol/diesel blends on the combustion, perfor-
mance, gaseous and particulate emissions on a naturally-aspirated,
four-cylinder, direct-injection diesel engine. Three n-pentanol/
diesel blends, corresponding to 10%, 20% and 30% by volume of n-
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pentanol in diesel fuel, and neat diesel fuel were employed and
investigated at different steady engine loads. The main results are
summarized as follows.

1) Up to 30% by volume of n-pentanol can be well mixed with
diesel fuel with no solvents at room temperature and can be
applied on diesel engine without any modifications.

2) Base on the analysis of in-cylinder pressure and heat release rate
curves, the blended fuels exhibit similar curves with those of
neat diesel fuel. However, addition of n-pentanol results in
longer ignition delays as a result of the lower cetane number of
n-pentanol. The peak of heat release rate in the premixed
combustion phase increases with increase of n-pentanol due to
more fuel being burned in the premixed combustion phase
resulted from longer ignition delay with the addition of n-
pentanol.

3) With an increase of n-pentanol in the blended fuel, the brake
specific fuel consumption increased, due to the lower heat value
of n-pentanol. But no obvious difference is observed for the
brake thermal efficiency.

4) Concerning for gaseous emissions, HC and CO emissions exhibit
similar trend. Both increased with n-pentanol at low and me-
dium engine loadsmainly caused by the lower cetane number of
the blended fuels.While n-pentanol can improve the in-cylinder
combustion and there is a slight decrease in HC emissions at
high engine load. Slight increase is found in NOx emissions at
high engine load. The influence of cooling effect counteracts the
oxygen content in blend fuel and higher in-cylinder gas tem-
perature associated with longer ignition delay, bringing about
no obvious difference for NOx emissions at the low engine load.
However, the longer ignition delay dominated the NOx forma-
tion at higher engine load associated with higher in-cylinder
temperature. Moreover, NO2 emissions are found to increase
with increase in n-pentanol, caused by the eOH functional
group.

5) n-Pentanol can reduce the particulate mass concentration and
total particle number concentration simultaneously and the
higher the n-pentanol, the larger is the reduction, which is
associated with the reduced carbon content, leaner gas condi-
tion in the combustion chamber and longer ignition delay
brought about by n-pentanol.

It can be concluded that there are increases in unburned hy-
drocarbon, carbon monoxide and nitrogen oxides emissions on
diesel engine fueled with n-pentanol/diesel blends. However, n-
pentanol has the potential to reduce both the particulate mass
concentration and number concentration.
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